Keywords : insulating material, nanocomposite, nano-filler, micro-filler, nano-and micro-filler mixture, epoxy resin, dielectric and electrical insulation properties, thermal expansion coefficient, resin viscosity, curing process Sulfur hexafluroride (SF 6 ) gas has played an important role in the electric power industry. The SF 6 gas, with its excellent chemical stability, insulation and interruption characteristics, has been widely used as an insulating medium for heavy electric apparatuses such as gas insulated switchgear (GIS) and transformers. However, the Kyoto protocol of 1997 on global warming designated SF 6 gas as a greenhouse gas. Therefore, the electric power industry is positively working to reduce SF 6 gas use, so its emission into the atmosphere is presently controlled. In particular, solid insulation systems have attracted attention because for their downsizing of heavy electric apparatuses as well as their non-use of SF 6 gas. Solid insulation systems need materials with excellent thermal, mechanical and insulation properties, and nanocomposites are leading candidates for realizing solid insulation systems.
micro-filler mixture composites were newly made by dispersing a few weight-percentages of nano-filler and approximately 60 weight-percentages of micro-silica fillers in epoxy resin. Two kinds of nano-filler were used, such as layered silicate and silica. The filler contents in the specimens are summarized in Table 1 .
Experimental results demonstrated that the approach by nanoand micro-filler mixture enables the nanocomposite to have not only superior insulation properties but also the same low thermal expansion in comparison with conventional filled epoxy (approximately 60 weight-percentages of micro-silica loading). As shown in Figure 1 , the conventional filled epoxy, NMMC(LS) and NMMC(SiO 2 ) have 14, 22 and 23% higher breakdown strength than the base epoxy resin, respectively. It means that the breakdown strength of the NMMC(LS) and NMMC(SiO 2 ) is 6 and 7% higher than that of the conventional filled epoxy, respectively.
Moreover, the nano-silica and micro-filler mixture composite had the desired properties of resin viscosity and curing reaction, whereas the layered silicate and micro-filler composite had higher resin viscosity and faster curing reaction than the conventional filled epoxy, due to modifer ions of layered silicates.
Consequently, the nano-silica and micro-filler mixture composite is the closest to the epoxy-based nanocomposite as an industiral insulation material at present. The main contribution of this paper is to show the realizability of epoxy-based nanocomposites as industrial insulating materials. The nano-and micro-filler mixture was invented to boost the nanocomposite in industrial insulating materials. Nano-and micro-filler mixture composites were newly made by dispersing a few weight-percentages of nano-filler and approximately 60 weight-percentages of micro-silica fillers in epoxy resin. Two kinds of nano-filler were used, such as layered silicate and silica. Experimental results demonstrated that the approach by nano-and micro-filler mixture enables the nanocomposite to have not only superior insulation properties but also the same low thermal expansion in comparison with the conventional filled epoxy (approximately 60 weight-percentages of micro-silica loading). Moreover, the nano-silica and micro-filler mixture composite has the desired properties of resin viscosity and curing reaction whereas the layered silicate and micro-filler composite has higher resin viscosity and faster curing reaction than those of the conventional filled epoxy due to
Introduction
Sulfur hexafluroride (SF 6 ) has played an important role in the electric power industry. SF 6 gas, with its excellent chemical stability, insulation and interruption characteristics, has been widely used as an insulating medium for heavy electric apparatuses such as gas insulated switchgear (GIS) and transformers. However, the Kyoto protocol on global warming in 1997 designated SF 6 gas as a greenhouse gas. Therefore, the electric power industry is positively working to reduce SF 6 gas use, so its emission into the atmosphere is controlled at present. A lot of research has been conducted on alternative insulation systems, such as SF 2 /N 2 mixture gas, compressed air and solid insulation (1) - (4) . In particular, solid insulation systems have attracted attention because of its downsizing of heavy electric apparatuses as well as its non-use of SF 6 gas.
Solid insulation systems need the materials with thermal, mechanical and insulation properties that are superior to those of conventional materials. An effective approach to meeting the demand for high performance materials has focused on polymer nanocomposites. Many studies have shown that addition of a few weight-percentages of nano-scale fillers improves the dielectric and insulation properties in the nanocomposites (5) - (8) . Therefore, the nanocomposites are leading candidates for realizing solid insulation systems. However, few studies have evaluated the nanocomposites from the viewpoint of industrial insulating materials.
This study focused on nano-and micro-filler mixture to obtain essential properties for industrial insulating materials. Moreover, to determine the effects of the filler mixture, dielectric properties, insulation properties, the thermal expansion, resin viscosity and curing process were evaluated.
Material Preparation and Characterization

Preparation Method
Epoxy resin containing micro-scale silica fillers was made as a conventional insulating material as shown in Fig. 1(a) . Micro-silica fillers with an average particle diameter of about 17µm were dispersed in epoxy resin (diglycidylether of bisphenol-A) and hardener (acid anhydride) by mixing. The total amount of micro-filler was 340 phr (64.4 wt%) (phr: parts per hundred parts of epoxy resin, wt%: weight percentage). The epoxy resin with micro-fillers and hardener with micro-fillers were mixed according to the chemical equivalent weight of curing reaction. The mixture was poured into an aluminum mold and then degassed. A specimen of the epoxy resin containing micro-fillers (hereinafter "conventional filled epoxy") was obtained by curing at 100 ℃ for 3 hours and 150 ℃ for 16 hours to reach full cure.
Epoxy resin containing nano-scale fillers and micro-silica fillers was made as shown in Fig. 1(b) . Layered silicate or silica was used as a nano-filler. The layered silicate is a flake-like filler with dimensions of about 100 × 100 × 1 nm, and is modified with quaternary alkylammonium ions (9) . The nano-silica is a spherical filler with a diameter of about 12 nm. The nano-fillers and micro-fillers were dispersed in the epoxy resin by mixing with shear force, and micro-fillers were dispersed in the hardener by mixing. The amount of nano-fillers was 9.8 phr (1.8 wt%) and the total amount of micro-fillers was 340 phr (63.5 wt%). The epoxy resin with nano-and micro-fillers and hardener with micro-fillers were mixed. Two kinds of specimens containing nano-and micro-fillers (hereinafter "nano-and micro-filler mixture composite: NMMC") were obtained by curing.
Moreover, epoxy resin without fillers (hereinafter "base epoxy resin") and epoxy resin containing only nano-fillers (hereinafter "nanocomposite: NC") were made for comparison. The base epoxy resin was obtained by curing the epoxy resin and the hardener. The nanocomposites were obtained by curing the epoxy resin containing the nano-fillers mixed with shear force and the hardener. The layered silicate and nano-silica were used as nano-fillers. The filler contents in the specimens are summarized in Table 1 .
Characterization of Nano-and Micro-filler Mixture Composites
The thermal and mechanical properties of the conventional filled epoxy and nano-and micro-filler mixture composites are summarized in Table 2 . There are slight changes of properties resulting from the nano-and micro-filler mixture in NMMCs: the temperature of the tanδ peak maximum of the NMMC(LS) shifts to 3 degrees centigrade higher than that of the conventional filled epoxy in dynamic mechanical analysis (DMA), the storage modulus of the NMMC(SiO 2 ) slightly decreases compared to the conventional filled epoxy at 30 and 200 ℃ and the flexural strength of the NMMC(SiO 2 ) slightly increases compared to the conventional filled epoxy, whereas that of the NMMC(LS) slightly decreases.
Measurement Method
Relative Permittivity and Volume Resistivity
The volume resistivity (ρ v ) of each specimen was measured by an insulation resistance meter (4329A, Yokokawa-Hewlett-Packard Co.), according to JIS-K6911. After applying a dc voltage (500V), the temporal change of resistivity was measured at room temperature. The relative permittivity (ε r ) of each specimen was 
Partial Discharge Resistance and Insulation
Breakdown Strength
The Partial discharge (PD) degradation properties were evaluated by rod-plate electrode geometry as shown in Fig. 2(a) . A stainless steel rod with diameter of 1mm, with a tip curvature radius of 0.5 mm was used as the rod electrode. The test was carried out at atmospheric pressure at room temperature. A constant ac voltage (4 kV) of 720 Hz was applied to the specimens. After the PD degradation test, erosion depth from an initial surface was measured by a confocal scanning laser microscope
The insulation breakdown strength was measured by needle-plate electrode geometry as shown in Fig. 2(b) . A steel needle with diameter of 1 mm, with a tip angle of 30 o and a curvature radius of 5 µm was used as the needle electrode. An ac voltage of 50 Hz was applied between the electrodes at a continuous rising speed (0.6 kV/sec). The tests were carried out at room temperature. Ten specimens were tested.
Thermal Expansion Coefficient
Thermal mechanical analysis (TMA: TMS-110, Seiko Instruments Inc.) was performed to obtain the thermal expansion coefficient of each specimen. The measurements were taken at 0.05 N force and a temperature scanning rate of 2 ℃/min, with rectangular specimens 5 mm wide, 5 mm long and 10 mm high.
Resin Viscosity and Curing Process
The resin viscosity of each specimen before curing was measured by a rheometer (ARES, Rheometric Scientific Inc.). Parallel plate-plate geometry was employed, with a plate diameter of 50 mm. The mixture of the epoxy resin, hardener and fillers was set within a gap (0.5 mm) between the parallel plates. A shear deformation of 10 rad/sec was produced by rotating the lower plate under the action of an axial torque to obtain the resin viscosity (viscoelasticity) from 30 to 90 ℃ The curing process of each specimen was also analyzed by the rheometer. The mixture of the epoxy resin, hardener and fillers was set within the gap (0.5 mm) between parallel plates (diameter of 50 mm) at 100 ℃. Temporal change of storage modulus (G') and loss modulus (G'') based on curing reaction was measured for a shear deformation rate of 10 rad/sec at constant temperature (100 ℃).
Experimental Results
Influence of Nano-fillers on Relative Permittivity and Volume Resistivity
The relationship between the volume resistivity (ρ v ) and time after applying dc voltage in each specimen is shown in Fig. 3 . The curves of both NMMC(LS) and NMMC(SiO 2 ) are almost same as those of the conventional filled epoxy. Compared to the value for 5 minutes, which shows the time when a transient becomes a constant, the resistivities of conventional filled epoxy, NMMC(LS) and NMMC(SiO 2 ) are 7,9×10 16 , 6.8×10 16 and 8.6×10 16 Ω·cm, respectively. In other words, the nano-and micro-filler mixture hardly affects the volume resistivity of NMMCs. On the other hand, the volume resistivity of the NC(LS) decreased in comparison with the base epoxy resin and the NC(SiO 2 ). The relative permittivity (ε r ) of each specimen is shown in Fig.  4 . The relative permittivities of both NMMCs are almost the same as that of the conventional filled epoxy in frequency region from 10 Hz to 1 MHz. Furthermore, both NCs also show almost the same as that of the base epoxy resin. The addition of nano-filler had no significant influence on the relative permittivity.
Superior Partial Discharge Resistance and Insulation
Breakdown Strength in Nano-and Micro-filler Mixture Composites Temporal change in erosion depth of the most degraded area by PD discharge in each specimen is shown in Fig.  5 . The test time is shown as that at 60 Hz by converting the test time at 720 Hz (for example, 120 hours at 720Hz = 1440 hours at 60Hz (commercial frequency)). The erosion depths of both Electrode configurations of partial discharge degradation test and insulation breakdown test NMMCs are almost the same as that of the conventional filled epoxy until 1440 hours. However, the erosion depth of the NMMCs is smaller than that of the conventional filled epoxy after PD aging for 2880 hours. Longer test time tends to give a difference of erosion depth between the conventional filled epoxy and the NMMCs. On the other hand, both NCs showed much smaller erosion depth than the base epoxy resin. In particular, the erosion depth of the NC(SiO 2 ) is one-fifth of that the base epoxy resin after PD aging for 1440 hours. Nano-silica addition had a profound effect on PD resistance in the NC(SiO 2 ).
Insulation breakdown strength (E) (maximum breakdown field at needle tip of 5 µm radius) is calculated from the breakdown voltage in each specimen. Weibull plots of insulation breakdown strength are shown in Fig. 6 . Moreover, scale and shape parameters in the Weibull plots are summarized in Table 3 . The conventional filled epoxy, NMMC(LS) and NMMC(SiO 2 ) have 14, 22 and 23% higher breakdown strength, respectively, than the base epoxy resin.
It means that the breakdown strength of the NMMC(LS) and NMMC(SiO 2 ) was 6 and 7% higher, respectively, than that of the conventional filled epoxy. Weibull distribution demonstrates the effect of the nano-and micro-filler mixture on breakdown strength.
However, comparison between the NMMC(LS) and the NMMC(SiO 2 ) shows no significant differences. Nano-filler type in the nano-and micro-filler mixture had little effect on the breakdown strength of the NMMCs. On the other hand, the NC(LS) and NC(SiO 2 ) had 10 and 22 % higher breakdown strength than the base epoxy resin. The nano-silica enabled the epoxy resin to have higher breakdown strength than the layered silicate in the NCs.
Additionally, the fitted lines in the Weibull plots demonstrate that the conventional filled epoxy and NMMCs provided more homogeneous characteristics than the base epoxy resin and NCs. The larger inclination of the fitted line (shape parameter) indicates more homogeneous characteristic.
Low Thermal Expansion Coefficient of Nano-and
Micro-filler Mixture Composites
The thermal expansion coefficients are cpmpared in Fig. 7 . The thermal expansion coefficient of aluminum, which is usually used for metal conductors in heavy electric apparatuses, is 2.4×10 -5 1/K. The thermal expansion coefficient of the conventional filled epoxy and both NMMCs coincided with that of aluminum. However, the base epoxy resin and the NCs had a much higher thermal expansion coefficient than the aluminum, although the thermal expansion coefficients of the NCs were lower than that of the base epoxy resin.
Resin Viscosity and Curing Process of Nano-and Micro-filler Mixture Composites
The temperature dependence of the resin viscosity (viscoelasticity) in the conventional filled epoxy and both NMMCs is shown in Fig. 8 . With the nano-and micro-filler mixture, the viscosity of NMMC(LS) considerably increases compared to the conventional filled epoxy, whereas the NMMC(SiO 2 ) slightly increases. Moreover, the viscosity of the conventional filled epoxy and NMMC(SiO 2 ) gradually decreases as temperature increases. However, the viscosity of the NMMC(LS) slightly deceases as temperature increases. In other words, the viscosity of the NMMC(LS) is less dependent on temperature than those of the conventional filled epoxy and the NMMC(SiO 2 ).
Temporal change of storage modulus (G') and loss modulus (G'') based on curing reaction are shown in Fig. 9 . Each storage modulus and loss modulus gradually increases as the curing reaction progresses, which shows a curing profile based on viscoelastic behavior. The curves of the NMMC(SiO 2 ) are similar to those of the conventional filled epoxy. However, those 
Discussion
Effects of Nano-filler Addition
The addition of the nano-fillers significantly improved the PD resistance in both NCs. It is interesting that only 5 wt% nano-filler addition can improve the PD resistance. In particular, the NC(SiO 2 ) showed the same PD resistance as the conventional filled epoxy. The addition of 5 wt% nano-silica is as effective as high loading by micro-fillers. The layered silicates with flake-like shape in the NC(LS) are not oriented to the direction which is perpendicular to PD degradation (10) . Therefore, the NC(LS) seems to show PD resistance inferior to that of the NC(SiO 2 ). However, no significant improvement with the nano-fillers appeared in either NMMC in comparison with the conventional filled epoxy. Basically, the micro-silica filler also has PD resistance . Both NMMCs are filled with a large amount of micro-silica fillers. Therefore, it can be considered that the PD resistance attributed to the nano-filler addition has little effect on the NMMCs in the PD aging for 1440 hours. However, the NMMCs tend to smaller than that of the conventional filled epoxy after 2880 hours PD aging. A longer term PD aging test is required to determine the effect of nano-filler in the NMMCs.
In the insulation breakdown strength, the effects of nano-filler addition are confirmed in both NMMCs as well as the NCs. We have already reported that the breakdown strength of the NC(LS) is improved by layered silicate addition. Electrical treeing propagates with many branches in the NC(LS), whereas tree propagation is relatively straight in the base epoxy resin. The difference in tree behavior seems to affect the breakdown properties (9) . However, the results showing that the nano-filler in nano-and micro-filler mixture improves the breakdown strength in the NMMCs excites our interest. To investigate the effects of the nano-fillers in nano-and micro-filler mixture, direct observation by electron microscope was conducted for the NMMCs, and the micrographs are shown in Fig. 10 . In both NMMCs, low magnification pictures show that the micro-fillers are homogeneously dispersed in the epoxy resin. Moreover, high magnification pictures show that the areas surrounded by the micro-fillers are also filled with the nano-fillers. The NMMCs have a densely-packed structure.
Next, we compare the structures of the conventional filled epoxy with the NMMCs from the viewpoint of nearest neighbor spacing and epoxy/filler interface area. These can be estimated according to reported formulas based on filler diameter and volume fraction (11) (12) . The nearest neighbor spacing and the epoxy/filler interface area are calculated and summarized in Table 4 . Here, the layered silicate is defined as a spherical particle with diameter of 34.8 nm. As mentioned above, the layered silicate is a flake-shaped filler approximately 1 nm thick and approximately 100 nm square. Therefore, the flake-like shape of the layered silicate is converted to a spherical shape for estimation according to the formulas. The equivalent spherical particle diameter is estimated at 34.8 nm from the specific surface area (160 m 2 /g) of the layered silicate before blending in the epoxy resin. Moreover, the nano-silica was determined as 50 nm (median of dispersed filler size) from the electron microscope observation. The nearest neighbor spacing and the epoxy/filler interface area in the NMMCs are obviously different from those of the conventional filled epoxy. The nearest neighbor spacing in the NMMC(LS) and NMMC(SiO 2 ) are one-fifth and one-third, respectively, that of the conventional filled epoxy. Furthermore, the total epoxy/filler interface area in the NMMC(LS) and NMMC(SiO 2 ) are 26 and 19 times, respectively, that of the conventional filled epoxy.
The calculated results also demonstrate that the NMMCs have a densely-packed structure.
Generally, in the needle-plate electrode geometry, electrical treeing from the needle tip propagates in a polymer in the breakdown process. When the treeing encounters the filler, it propagates along the interface between polymer and filler. The propagation in the resin and its encountering the fillers is repeated until the treeing reaches the grounded electrode and a breakdown occurs (13) .
The nano-fillers in the NMMCs increase the frequency of encountering between electrical treeing and fillers more than the conventional filled epoxy. It is assumed that an increase in encountering frequency by nano-and micro-filler mixture prevents treeing from propagating efficiently. The result is that the insulation breakdown strength is improved in the NMMCs. However, the nano-filler type in the nano-and micro-filler mixture has little effect on insulation breakdown strength, although the morphology of filler dispersion, the nearest neighbor spacing and the epoxy/filler interface area between the NMMC(LS) and NMMC(SiO 2 ) are different. It is necessary to investigate the influence of the nano-filler type in the filler mixture on the breakdown strength. This will be the subject of our next work.
Importance of Low Thermal Expansion
The same low thermal expansion as the metal conductors is a very important property for epoxy insulating materials of heavy electric apparatuses. Epoxy resin is usually used to mold aluminum or copper conductors in insulation systems of heavy electric apparatuses. A large difference between the thermal expansion coefficients can lead to exfoliating at conductors/epoxy interfaces due to heat-cycling. Therefore, the epoxy resin is filled with a large amount of micro-scale fillers (e.g. silica or alumina) to achieve the same low thermal expansion as conductors.
The low thermal expansion coefficients of both NMMCs, the same as for aluminum, is a desired property for insulating materials. High loading of micro-fillers in the nano-and micro-filler mixture contributes to the low thermal expansion of the NMMCs. Regarding layered silicate, some papers have reported that the thermal expansion coefficient of polyamide-or polyimide-based nanocomposite containing layered silicates is smaller than that of the base polymer because the relaxation mobility of the polymer chains is restricted at the polymer/silicate interface (14) (15) . This paper also shows that thermal expansion of the NC(LS) is slightly smaller than that of the base epoxy resin. The layered silicate has the ability to reduce the thermal expansion of the epoxy resin. However, the thermal expansion of the NMMC(LS) is almost the same as that of the conventional filled epoxy. Low thermal expansion of the NMMC(LS) depends on the high loading micro-fillers.
Suitability of Nano-and Micro-filler Mixture
Composites as Industrial Insulating Materials
The volume resistivities of the NMMC(LS) and the NMMC(SiO 2 ) are almost identical to that of the conventional filled epoxy resin. The NMMCs have a desired volume resistivity for insulating materials. However, the volume resistivity of the NC(LS) decreased in comparison with that of the base epoxy resin and the NC(SiO 2 ). The layered silicate is modified by the alkylammonium ions. The modifier ions seem to contribute to the decrease in the volume resistivity of the NC(LS). In the NMMC(LS), however, the modifier ions have little effect on the volume resistivity. The micro-silica fillers also include ions such as sodium, iron and chloride. The contents for the layered silicates are much smaller than those for the micro-silica fillers. Therefore, the influence of the modifier ions seem not to appear in the NMMC(LS).
Additionally, the relative permittivity of both NMMCs are almost identical to that of the conventional filled epoxy resin. For the relative permittivity as well, the NMMCs have the desired property for insulating materials.
Generally, the relative permittivity of the composite material depends on the volume fraction and permittivity of each (16) . The volume fraction of nano-fillers in each specimen is shown as follows: the layered silicate in the NMMC(LS) = 0.015, and the nano-silica in the NMMC(SiO 2 ) = 0.014. The contents of nano-fillers are quite small, whereas the volume fraction of the micro-fillers is 0.49. Therefore, the addition of the nano-fillers seems to have little effect on the relative permittivity of the NMMCs. The layered silicates have a significant effect on the resin viscosity and curing process. Epoxy parts of heavy electric apparatuses are usually made by casting. The conductors are set in the mold, and the epoxy resin is poured into the mold. Therefore, the resin viscosity and curing process are essential properties for the casting resin as insulating materials. However, the viscosity of NMMC(LS) is considerably higher than that of the conventional filled epoxy. Moreover, the NMMC(LS) is less dependent on temperature than the conventional filled epoxy. The flake-like shape of the layered silicates seems to affect the increase of viscosity in the NMMC(LS). These results show that the addition of the layered silicates reduces the fluidity of the NMMC(LS) in the casting process. This could lead to creation of voids in the manufacture of epoxy parts for heavy electric apparatuses. However, the curve of NMMC(SiO 2 ) is almost the same as that of the conventional filled epoxy. In other words, NMMC(SiO 2 ) has desired property of resin viscosity for casting resin.
In the rheometer measurements of the epoxy resin, the storage modulus and loss modulus gradually increases as the curing reaction progresses, and the time at intersection of the curves of storage modulus and loss modulus shows gelation time. The gelation time of the conventional filled epoxy and the NMMCs are summarized in Table 5 . Moreover, the times when the storage modulus reaches 10 5 Pa are also summarized in Table 5 . The epoxy resin changes from liquid-state to gel-state due to progress of curing reaction (formation of crosslink network) at the gelation time, and has no fluidity at the time of storage modulus 10 5 Pa.
The curing reaction of the NMMC(LS) is faster than that of the conventional filled epoxy from the viewpoint of gelation time and the increase of storage modulus. However, NMMC(SiO 2 ) has almost the same curing reaction process as the conventional filled epoxy. The NMMC(SiO 2 ) has an appropriate curing reaction for casting resin. Comparison of NC(LS) with the base epoxy resin and the NC(SiO 2 ) confirms the same tendency. As mentioned above, the layered silicates are modified by quaternary alkylammonium ions. The layered silicates include 26 wt% quaternary alkylammonium ions. Therefore, it is considered that the modifier ions work as a catalyst, and promote the curing reaction of the NMMC(LS). This discussion shows that NMMC(SiO 2 ) has many advantages over other epoxy composites. Consequently, NMMC(SiO 2 ) is the closest to the epoxy-based nanocomposite as an industrial insulation material at present.
Conclusions
The main contribution of this paper is that it shows the realizability of epoxy-based nanocomposite as industrial insulating materials. Our approach by nano-and micro-filler mixture enables the nanocomposite to have not only superior insulation properties but also the same low thermal expansion as conventional filled epoxy. In particular, the NMMC(SiO 2 ) has the desired properties of resin viscosity and curing reaction. The results obtained from the experiments are summarized as follows:
(１) Nano-and micro-filler mixture realizes an epoxy-based nanocomposite with superior insulation properties and the same low thermal expansion as conventional filled epoxy.
(２) The electron microscope and the calculation of spacing between fillers and filler/epoxy interface area demonstrates that NMMCs have a more densely-packed structure than conventional filled epoxy. The morphological features seem to contribute to improvement of insulation breakdown properties.
(３) NMMC(LS) has higher resin viscosity and faster curing reaction than conventional filled epoxy. The modifier ions of the layered silicate seem to have marked effects on those properties.
(４) NMMC(SiO 2 ) has desired properties of the relative permittivity, volume resistivity, resin viscosity and curing reaction as well as higher insulation properties than the conventional filled epoxy.
Thus, the NMMC(SiO 2 ) is the closest to the epoxy-based nanocomposite as an industrial insulating material at present.
We are sure that the results obtained in this study are the first step toward realization of environmental friendly heavy electric apparatuses due to their use of a solid insulation system without SF 6 gas. To achieve the final goal, our research in pursuit of epoxy-based nanocomposites as industrial insulating materials will continue in the future. 
